In the human eÀglobin gene locus, the HS2 enhancer in the Locus Control Region regulates transcription of the embryonic e-globin gene located over 10 kb away. The mechanism of long-range HS2 enhancer function was not fully established. Here we show that the HS2 enhancer complex containing the enhancer DNA together with RNA polymerase II (pol II) and TBP tracks along the intervening DNA, synthesizing short, polyadenylated, intergenic RNAs to ultimately loop with the e-globin promoter. Guided by this facilitated tracking and transcription mechanism, the HS2 enhancer delivers pol II and TBP to the cis-linked globin promoter to activate mRNA synthesis from the target gene. An insulator inserted in the intervening DNA between the enhancer and the promoter traps the enhancer DNA and the associated pol II and TBP at the insulator site, blocking mid-stream the facilitated tracking and transcription mechanism of the enhancer complex, thereby blocking long-range enhancer function.
INTRODUCTION
In the human genome, a large number of genes spans hundreds of kilobases and is regulated by distant enhancers and locus control regions (LCRs) (1, 2) . Longrange LCR/enhancer function has been proposed to be mediated by a looping model, which postulates that the enhancer diffuses through the nucleoplasm to loop with and activate the target promoter, while the long intervening DNA that does not participate in enhancer function is looped out (3, 4) . Indeed, RNA trap and chromosome conformation capture (3C) techniques have shown recently that enhancers co-localize and thus loop with the distant, cis-linked genes in the nucleus (5-7). However, co-localization of the enhancer with the promoter represents the final stage of enhancer/promoter interaction. It has not been established whether the enhancer reaches and loops with the distant target promoter by freely diffusing through the nucleoplasm space as postulated by the looping model or the enhancer is guided during its translocation by tracking along the intervening DNA to ultimately reach and loop with the promoter as postulated by a facilitated tracking model (8, 9) .
We have used the human b-globin gene locus as a model system to study long-range enhancer function. The locus spans 100 kb of DNA and contains the embryonic e-, the fetal Gg-and Ag-and the adult d-and b-globin genes arranged in the transcriptional order of 5 0 e-Gg-Ag-d-b 3 0 ( Figure 1A ). The LCR, defined by DNase I hypersensitive sites HS1-5 located far upstream of the globin genes, is absolutely required for transcriptional activation of the globin genes in erythroid cells (10) (11) (12) . While HS sites 1, 3, 4 and 5 possess weak or no enhancer activity, the HS2 site, located respectively 11 and 55 kb upstream of the e-and b-globin genes, possesses prominent enhancer activity (13) (14) (15) and is able to activate transcription of the globin genes over the long distance (16) . We as well as others have found that in erythroid cells the HS2 enhancer initiates synthesis of intergenic RNAs from multiple sites within and downstream of the enhancer in the direction of the linked promoter and gene (17) (18) (19) (20) . Interruption of the enhancer-initiated transcription by inserting a transcriptional terminator, the lac operator/repressor complex, in the intervening DNA between the enhancer and the promoter drastically diminishes enhancer function (21) . These results indicate that the enhancer-assembled protein complex including pol II in tracking and transcribing through the intervening DNA to synthesize intergenic RNAs plays a pivotal role in mediating long-range enhancer function. As opposed to the looping model, our finding was more consistent with a protein-tracking model: The pol II-protein complex assembled by the enhancer tracked from the enhancer through the intervening DNA synthesizing intergenic RNAs to reach the promoter and activate mRNA synthesis, while the enhancer DNA could be immobile since translocation of the enhancer DNA through the nucleoplasm to reach and loop with the promoter did not appear to serve any functional purpose. Insulators in the boundary areas of many eukaryotic gene domains can block enhancer function, when they are inserted between the enhancer and the promoter (22) . In the present study, we utilized the enhancerblocking activity of the chicken HS4 insulator in the 5 0 boundary of the chicken bÀglobin gene locus (23) to resolve the apparently paradoxical findings of enhancer co-localization/looping with the promoter and a tracking and transcription (T&T) mechanism of the enhancer-assembled protein complex. We inserted the chicken insulator in the intervening DNA between the HS2 enhancer and the e-globin promoter in the 11 kb human e-globin gene locus. We then analyzed intergenic transcription to determine whether the interposed insulator blocked the enhancer-assembled transcription complex from tracking and transcribing through the intervening DNA to reach and activate the e-globin promoter. Chromatin immunoprecipitation (ChIP) assays were employed to determine if the HS2 enhancer complex indeed contained pol II and TBP required for intergenic transcription and whether the interposed insulator blocked pol II and TBP from tracking and Figure 1 . The e-globin gene locus was transcribed into short, overlapping, polyadenylated RNAs in the direction from the HS2 enhancer to the globin gene. (A) Top: the human bÀglobin gene locus. Rectangles with vertical arrows: DNase I hypersensitive sites HS1-5 defining the LCR; squares: the globin genes; angled arrow: transcription direction of the globin genes. Bottom: the enlarged e-globin gene locus. Numbers: sizes in kb of Hind III fragments spanning HS2, HS1 and the intervening DNA; hatched and horizontally-striped bars: the e-globin promoter and the polyadenylation signal. Short horizontal arrows: locations of overlapping primer pairs 1-12 and non-overlapping primer pairs 12-21. Direction of the arrows: transcriptional direction of the intergenic RNAs determined in Figure 1E ; arrows with bi-directional arrowheads: RNAs transcribed in both sense and anti-sense directions; sizes of arrowheads: relative abundance of the sense and anti-sense RNAs. À17 and À36: Two control primer pairs located at 17 and 36 kb upstream of the HS2 site in DNA outside of the globin gene locus, marked by the dotted line. (B) Upper panel: RT-PCR bands generated by K562 total cellular RNAs that were reversely transcribed with an oligo dT primer (15) transcribing through the intervening DNA to reach the promoter. The 3C assays were used to determine if the HS2 enhancer DNA (i) co-localized neither with the intervening DNA nor with the promoter as predicted by the protein tracking model or (ii) co-localized not with the intervening DNA but with the promoter as predicted by the looping model or (iii) co-localized with the intervening DNA and also with the promoter as predicted by the facilitated tracking model.
To these ends, we created the LCR(+I) and LCR(ÀI) cell lines in human erythroid K562 cells using cre-loxp mediated in situ recombination. The integrated LCR(+I) and LCR(ÀI) plasmids spanned the natural 11 kb human e-globin gene locus either with or without the chicken HS4 insulator inserted between the HS2 enhancer and the e-globin promoter. The e-globin gene locus in the integrated plasmids and the endogenous genome was analyzed by transcription analysis, ChIP and 3C assays. The results showed that the HS2 enhancer complex, containing not only the associated proteins including TBP and pol II but also the enhancer DNA tracked and transcribed through the 10 kb intervening DNA to loop with the e-globin promoter. The interposed insulator blocked the tracking and transcribing enhancer complex mid-stream and caused an apparent piling-up at the insulator site of both the enhancer DNA and the associated pol II and TBP. This blockage caused a decrease in both the looping frequencies of the enhancer DNA with the downstream intervening DNA and the promoter and the amounts of pol II and TBP delivered to the promoter. As a result, intergenic transcription from the intervening DNA and mRNA synthesis from the cis-linked gene were greatly diminished. These findings offered an explanation for the apparent paradox of enhancer looping and protein tracking in long-range gene activation and provided the first experimental evidence for a facilitated T&T mechanism of long-range enhancer function.
MATERIALS AND METHODS

Construction of LCR(+I) and LCR(ÀI) plasmids
See Supplementary Data.
Cell lines
The LCR(+I) DNA was excised from the plasmid by Apal I and MluI digestions. Ten micro gram of the excised DNA, 0.5 mg of pCDneo plasmid and 20 mg of fragmented K562 genomic DNA, serving as spacer DNA to prevent tandem integration of the LCR(+I) DNA (21), were electroporated into K562 cells. The electroporated cells were divided into three aliquots and grown in medium containing G418. From the LCR(+I) cell pools, 12 clonal lines were selected and expanded by limit dilutions. The clonal lines were transiently transfected with the expression plasmid CMV-Cre constructed in pEGFP-C1 to delete the insulator. The transfected cells after culture for 24 h were sorted by FACS; those expressing an order of magnitude increase in GFP were expanded into the respective LCR(ÀI) clonal lines.
Southern and northern blots, FACS analysis and RT-PCR
Southern blots of genomic DNAs and northern blots of RNAs purified with DNase I digestion were performed as described (10, 15) . GFP expression was calculated from the FACS dot plots and normalized with respect to the copy number of integrated plasmids; RT-PCRs were performed as described (15, 21) . The FACS and RT-PCR data presented were average results of two independent experiments.
Generation of LCR and LCR(+I) transgenic zebrafish
Transgenic zebrafish were created with procedures as described (24) and maintained according to the guidelines of the MCG Animal Care and Use Committee.
ChIP and 3C
ChIP assays were performed as described (25) . Chromatin was pulled down with antibodies against phosphorylated pol II, AcH3 and CTCF (Upstate 05-623, 06-599 & 06-917), TBP and nucleophosmin (Santa Cruz sc-273 & sc-5564). The 3C assays were performed as described (6, 26) . The data presented were average results of two independent experiments.
Primers for RT-PCR, ChIP and 3C
RESULTS
The entire 11 kb e-globin gene locus was transcribed into short, overlapping, polyadenylated RNAs in the sense direction from the enhancer to the e-globin gene To determine if the e-globin gene locus from the LCR HS2 site to the e-gene was transcribed into polyadenylated RNAs, thus by pol II, we used RT-PCR to map the transcription status of the entire 11 kb locus. Previously, only segments of the e-globin gene locus had been mapped (18, 19, 27) . A cDNA library was synthesized with an oligo dT primer from the polyadenylated RNAs in total K562 cellular RNAs. The cDNAs were then amplified by 21 primer pairs spanning the entire locus ( Figure 1A) . Generation of all 21 RT-PCR bands indicated that the entire locus was transcribed into polyadenylated RNAs by pol II ( Figure 1B ). In the transcription profile of the locus in K562 cells, the HS2 and HS1 regions spanned by primer pairs 3 and 8 were transcribed at very low levels ( Figure 1C) , probably because the transcription complex assembled at the HS sites efficiently transcribed the DNA located downstream of it. In comparison, the DNA region located 17 kb 5 0 of the HS2 enhancer and thus $4 kb 5 0 of the globin gene locus was transcribed at an even lower level ( Figure 1C ). In contrast, the À36 kb DNA region located near the 3 0 end of an olfactory receptor gene (ORG) in the 5 0 neighboring ORG domain (28) was transcribed at a relatively high level ( Figure 1C ), probably because this ORG was transcribed in K562 cells.
To determine if the HS2 enhancer initiated synthesis of one giant, contiguous transcript from the enhancer to the promoter as observed in the avian globin gene locus (29), we used longer-range RT-PCR in which the primer pairs were spaced at increasing distances to determine the sizes of the intergenic RNAs. When the cDNA library synthesized by the oligo dT primer from polyadenylatedm RNAs was amplified with such longer-range primer pairs, PCR bands were detected only when the forward and reverse primers were spaced <3 kb apart ( Figure 1D ). These bands were thus generated by RNAs shorter than 3 kb, which indicated that the intergenic RNAs were initiated from multiple sites and polyadenylated at sites <3 kb away.
We next used directional RT-PCR, in which locusspecific forward or reverse primers instead of oligo dT were used in cDNA synthesis, to determine the direction of intergenic transcription. The results indicated that intergenic RNAs were transcribed in the LCR region exclusively in the sense direction from the HS2 enhancer toward the downstream globin promoter and in the 5.5 kb intervening DNA predominantly in the sense direction ( Figure 1E ). Although anti-sense RNAs transcribed from the intervening DNA were detectable, their synthesis was apparently also dependent on the presence of the HS2 enhancer, since the 5.5 kb intervening DNA in the absence of the HS2 enhancer in integrated 5.5-GFP plasmid was not detectably transcribed ( Figure 3B ). We do not yet know how and why the HS2-initiated transcription back-tracked to synthesize minor species of anti-sense RNAs from the intervening DNA. However, the results taken together indicated that the 11 kb e-globin gene locus was transcribed by pol II predominantly in the sense direction from the HS2 enhancer through the intervening DNA to the promoter.
The chicken HS4 insulator inserted between the LCR and the e-globin promoter blocked HS2 enhancer function Next, we utilized the chicken HS4 insulator to determine whether the insulator inserted between the enhancer and the promoter blocked enhancer function by blocking the directional, intergenic transcription. We first generated the LCR(+I) plasmid, containing a floxed insulator inserted in the 11 kb e-gene locus between the LCR and the e-globin promoter coupled to the GFP gene ( Figure 2A ). The LCR(+I) plasmid was integrated into K562 cells. Two clonal lines LCR1 and LCR2(+I), containing respectively one and two copies of the integrated plasmid ( Figure 2B ), were expanded. The insulator was subsequently deleted from these lines by transiently transfected Cre recombinase to generate the respective derivative lines LCR1 and LCR2(ÀI) containing a single loxp site in the intervening DNA (Figure 2A ). This strategy ensured that the e-globin gene loci in the LCR (+I) and (ÀI) lines were integrated into identical host sites. Therefore, enhancer function in the presence and absence of the insulator could be precisely determined without the unpredictable position-of-integration effect exerted by different host sites on transgene expression. Southern blot showed that the LCR(+I) and (ÀI) plasmids were indeed integrated into identical host sites, since the integrated LCR(+I) and LCR(ÀI) plasmids after cleavage at a unique NheI site produced bands of an identical size ( Figure 2B) . Comparison of the DNA sequences of PCR fragments amplified respectively across the floxed insulator in integrated LCR(+I) plasmid and the single loxp site in integrated LCR(ÀI) plasmid ( Figure 3C ) showed that the Cre enzyme mediated precise and efficient recombination between the two loxp sites to delete the insulator in integrated LCR(+I) plasmid to generate the integrated LCR(ÀI) plasmid (see DNA sequences in Figure 2C and Figure S1 ). FACS analysis of GFP expression showed that the interposed insulator reduced HS2 enhancer activity by 4-8-fold in the LCR1(+I) and LCR2(+I) lines ( Figure 2D ). Figure 3C , p.p.3 (+I) and (ÀI) lanes]. As the HS2 enhancer was transcribed at comparable levels from the integrated LCR(+I) and (ÀI) DNAs ( Figure 3C , p.p.1 lanes), the insulator did not inactivate the ability of the enhancer to initiate intergenic transcription.
For the RT-PCR analysis, we used only three plasmidspecific primer pairs, as the 11 kb e-globin gene locus in the integrated plasmid was identical in sequence to the K562 endogenous locus except for these three regions. To carry out a more comprehensive analysis, we generated LCR and LCR(+I) transgenic zebrafish in which the endogenous b-globin gene locus is grossly different from that of humans ( Figure 4A and B) . Zebrafish express the general and erythroid transcription factors required for transcriptional regulation of the globin genes (30) and also the protein factor CTCF (GenBank BI883421) necessary for insulator function (31) . Analysis by RT-PCR with seven primer pairs distributed throughout the 11 kb locus showed that the interposed insulator reduced by 3-4-fold the level of both intergenic transcription and GFP mRNA ( Figure 4C ). Note that primer pair 4 generated an RT-PCR band across the insulator after 43 PCR cycles whereas it generated no band at 35 PCR cycles. This observation indicated that although the interposed insulator blocked progression of pol II, a few pol II molecules could overcome the blockage to transcribe across the insulator. Together, RNA analyses of K562 clonal lines and transgenic zebrafish showed that the interposed insulator blocked enhancer function not by inactivating the enhancer to initiate transcription, as was observed earlier that an interposed drosophila insulator did not inactivate the enhancer (32) , but the interposed insulator blocked HS2 enhancer function by blocking the progression of the pol II-enhancer complex to transcribe intergenic RNAs ( Figure 3D ).
The interposed insulator blocked a tracking mechanism of the HS2 enhancer complex and caused pol II and TBP in the enhancer complex to associate at a higher level with the insulator site and at a lower level with the downstream intervening DNA and the e-globin promoter Transcription analyses (Figures 1 and 3 ) indicated that the HS2 enhancer assembled a pol II complex, which transcribed through the e-globin gene locus to produce the polyadenylated, intergenic RNAs. We next used ChIP assays to determine if pol II, TBP and also acetylated histone 3 (AcH3) were associated with the HS2 enhancer and with the entire transcribed locus and if the interposed insulator, in blocking the pol II-enhancer complex, reduced the levels of pol II, TBP and AcH3 associated with the downstream intervening DNA and e-globin promoter.
In the ChIP assays, we used four plasmid-specific primer pairs: 5 0 HS2, 5 0 I, 3 0 I and ep-GFP ( Figure 5A ). The 5 0 HS2 region was used as the reference for calculating the relative ChIP values of the other three regions. Since the transcriptional levels of the 5 0 HS2 DNA remained relatively constant in the integrated LCR(+I) and LCR(ÀI) DNAs ( Figure 3C , bottom panel, p.p.1 lanes and Figure 4C, lanes 1) , the assembly and thus the levels of the proteins associated with the HS2 enhancer complex should remain relatively constant in these different plasmids.
The ChIP results showed that in the LCR(ÀI) plasmid, the levels of pol II, TBP and AcH3 associated with the loxp site in the intervening DNA and the e-globin promoter were comparable to or higher than those associated with the 5 0 HS2 region [ Figure 5B , LCR (ÀI) panel]. Hence, pol II, TBP and AcH3 were associated with the HS2 enhancer as well as with the downstream intervening DNA and the e-globin promoter in the LCR(ÀI) plasmid.
In contrast, the insulator in the LCR(+I) plasmid drastically reduced the levels of pol II, TBP and AcH3 associated with the 3 0 I region and the e-globin promoter [ Figure 5B , LCR(+I) panel]. Interestingly, very high levels of pol II and TBP were associated with the 5 0 I region [ Figure 5B , LCR(+I) panel], indicating an apparent piling-up of these proteins at the insulator site.
To determine if the insulator also reduced the levels of pol II, TBP and AcH3 associated with the intervening DNA further downstream of the insulator, we carried out ChIP assays with three additional primer pairs, 6.3, 7.3 and 8.1, and a reference 5 0 HS2a primer pair ( Figure 5A ).
As these four primer pairs amplified the DNA templates in both the integrated plasmids and the endogenous K562 genome, the ChIP data were average levels of proteins associated with the 5.5 kb region in both the integrated plasmid and the endogenous genome. With this in mind, we carried out the ChIP assays first with the LCR(ÀI) plasmid. The results demonstrated that pol II, TBP and AcH3 were associated with the HS2 enhancer and the 6.3, 7.3 and 8.1 regions in the intervening DNA at comparable levels as in nontransfected K562 cells ( Figure 5C and Figure S2 ). In contrast, the levels of pol II, TBP and AcH3 associated with these three regions were consistently lower in the LCR(+I) DNA than in the LCR(ÀI) DNA [compare LCR(ÀI) and LCR(+I) panels in Figure 5C and Figure S2A ]. Thus, the insulator trapped the enhancer complex and reduced the levels of pol II, TBP and AcH3 associated with the further downstream 5.5 kb intervening DNA.
These results indicated that the insulator obstructed a tracking mechanism of pol II and TBP in the enhancer complex. This obstruction caused pol II and TBP to pile up in the region upstream of the insulator and correspondingly reduced the levels of pol II and TBP associated with the downstream intervening DNA and the e-globin promoter. Consequently, the intergenic DNA and the GFP gene were transcribed at greatly reduced levels and were packaged into relatively inactive chromatin with reduced levels of acetylated histones. As a result, the level of GFP was drastically decreased in the LCR(+I) lines, manifesting the observed blockage of HS2 enhancer function ( Figure 2D ).
The intrerposed insulator bound to CTCT but not to nucleophosmin
It has been reported that the chicken HS4 insulator binds to CTCF (31), which in turn binds to nucleophosmin located on the surface of the nucleolus (33) . This finding suggests that CTCF through binding to nucleophosmin could tether the insulator to a subcellular location and topologically separate the enhancer and the promoter into independent chromatin domains, thereby blocking direct interaction and thus looping of the enhancer with the promoter (34) . Hence, the blockage of enhancer-initiated T&T mechanism could be a secondary effect unrelated to the primary mechanism of enhancer blocking by the insulator. To investigate this possibility, we used ChIP to determine if the chicken HS4 insulator in the LCR(+I) plasmid bound to CTCF and nucleophosmin. The results showed that the insulator in the LCR(+I) plasmid bound in vivo to CTCF but not to nucleophosmin ( Figure 5D ). The inability to detect binding of nucleophosmin to the integrated plasmids was not due to sample preparation or the ChIP protocol we used, since the endogenous LCR HS5 site containing a CTCF binding site (35) did associate in vivo with both CTCF and nucleophosmin ( Figure 5D) . Thus, the interposed insulator in the LCR(+I) plasmid blocked HS2 enhancer function not by binding to nucleophosmin and potentially sequestering the enhancer and the promoter into separate topological domains to inhibit direct looping of the enhancer with the promoter but by obstructing a tracking mechanism of the pol II-enhancer complex mid-stream through the intervening DNA.
The interposed insulator blocked a facilitated T&T mechanism of the HS2 enhancer complex and caused the enhancer DNA to co-localize at a higher frequency with the insulator and at lower frequencies with the intervening DNA and the e-globin promoter
According to the looping model of enhancer function, the HS2 enhancer DNA should co-localize with the e-globin promoter but not with the intervening DNA. According to the protein tracking model in which the enhancer DNA was stationary but the enhancer-recruited pol II and TBP tracked and synthesized intergenic RNAs through the intervening DNA to reach the promoter and activate mRNA synthesis, the enhancer DNA should co-localize neither with the intervening DNA nor with the promoter. According to the facilitated T&T mechanism of enhancer function, in which the enhancer DNA together with the associated pol II and TBP tracked and transcribed through the intervening DNA to reach and loop with the e-globin promoter, the enhancer DNA should colocalize temporally with both the intervening DNA and the promoter. To assess which one of these models mediated HS2 enhancer function in the e-globin gene locus, we used the 3C technique (6, 26) to determine the physical co-localization of the HS2 DNA with the 5.5 kb intervening DNA and the e-globin promoter.
To determine by 3C the co-localization frequencies of the HS2 DNA with the downstream DNAs in the integrated LCR(ÀI) and LCR(+I) plasmids, the nuclei isolated from the respective LCR2 clonal lines were digested with Xho I and Sal I at sites present only in the plasmid DNA to detect 3C bands produced specifically by the integrated plasmids. To prevent circularization in the ligation step of the Xho I and Sal I cleaved DNA fragments, the chromatin DNA in the nucleus was further fragmented with Bam HI and Bgl II digestions ( Figure 6A and S3). Completeness of restriction enzyme digestions and efficiencies of ligation reactions and of PCR amplification by different primer pairs were determined in control experiments ( Figure S3) .
The 3C results showed that both the LCR(ÀI) and the LCR(+I) plasmids generated two HS2-GFP co-localization bands ( Figure 6B , HS2-GFP panel, ÀI and +I lanes).
The authenticity of the 3C bands was confirmed by DNA sequencing (data not shown). The longer HS2-GFP band contained at the fusion site extra DNAs from the vector and the 3 0 end of HS2. Generation of these two 3C bands indicated that the HS2 enhancer was physically near the GFP gene in both the LCR(ÀI) and the LCR(+I) DNA.
However, the HS2-GFP bands generated by the LCR(+I) DNA were much weaker in intensity than those generated by the LCR(ÀI) DNA. These weaker bands did not result from a lesser amount of the LCR(+I) DNA template used in the PCR, since the GFP gene in both the LCR(+I) and LCR(ÀI) DNA templates generated PCR bands of similar intensities ( Figure 6B , G panel, ÀI and +I lanes). Therefore, the much weaker HS2-GFP bands indicated that the interposed insulator reduced the co-localization frequency between the HS2 enhancer and the GFP gene by $70% (Figure 6C , HS2-GFP bar graph).
In both the LCR(ÀI) and the (+I) DNAs, the HS2 enhancer also co-localized with the intervening DNA 5 0 and 3 0 of the loxp site or of the insulator ( Figure 6B , V-5 0 I and HS2-3 0 I panels). The authenticity of the V-5 0 I and the HS2-3 0 I co-localization bands was again confirmed by DNA sequencing (data not shown). In the LCR(ÀI) DNA, the V-5 0 I and HS2-3 0 I bands were generated, however, with six more PCR cycles than those generating the HS2-GFP band ( Figure 6B legend) . This difference indicated that co-localization of the HS2 enhancer with the intervening DNA was $50-fold more dynamic and transient than the interaction of HS2 with the GFP gene ( Figure 6C, ÀI lanes) .
In support of the authenticity of the physical proximity between the enhancer and the intervening DNA, the co-localization frequencies of HS2 and the intervening DNA in the LCR(+I) DNA were distinctly different from those in the LCR(ÀI) DNA: The V-5 0 I band was stronger while the HS2-3 0 I band was weaker in the LCR(+I) DNA than the respective bands in the LCR(ÀI) DNA ( Figure 6B , compare +I and -I lanes in V-5 0 I and HS2-3 0 I panels). Furthermore, the HS2 enhancer did not produce a detectable 3C band with the un-linked CTCF gene ( Figure 6C and F) . These results indicated that the HS2 enhancer DNA in the tracking enhancer complex co-localized with the cis-linked, downstream intervening DNA and the promoter but not with an un-linked gene domain. The interposed insulator obstructed this tracking mechanism of the enhancer DNA, thus causing the enhancer DNA to co-localize with the 5 0 I region at a higher frequency and with the 3 0 I region at a lower frequency in the LCR(+I) DNA ( Figure 6C ).
It could be argued that the V-5 0 I and HS2-3 0 I co-localization bands were generated not from enhancer tracking and thus enhancer co-localization with the intervening DNA but from direct interaction of the HS2 enhancer with the loxp site or with the insulator. To examine this possibility, we carried out 3C with the endogenous e-globin gene locus in non-transfected K562 cells. Following digestions of the K562 nuclei with BamHI and Bgl II enzymes, 3C showed that the endogenous HS2 enhancer co-localized not only with the e-globin promoter to generate the HS2-ep band but also with the 5.5 kb intervening DNA to generate the HS2-7.7 and the HS2-8.1 bands ( Figure 6D, upper left panel) . Amplification of the 3C products by real-time PCR showed that the co-localization frequency between HS2 and the e-globin promoter was higher than that of HS2 with the intervening DNA ( Figure 6D, bar graph) . The increasing co-localization frequencies of the HS2 enhancer with DNA sites at increasing distances away was opposite to the decreasing co-localization frequencies predicted to occur due to random collisions (26) and indicated the specificity of the interactions between HS2 and the downstream intervening DNA and the e-globin promoter. Moreover, the co-localization frequency between the HS2 enhancer and the DNA located upstream of the b-LCR or the GATA-1 and NF-YA genes located on different chromosomes were 70-400-fold lower than that between the HS2 enhancer and the e-globin promoter ( Figure 6E ) and thus 30-200-fold lower than that between HS2 and the 7.7 and 8.1 regions in the intervening DNA. These results again indicated the propensity of the enhancer to interact and co-localize with the cis-linked downstream intervening DNA and the promoter.
To determine if the co-localization of the HS2 enhancer with the intervening DNA and the e-globin promoter was characteristic of an active enhancer, we carried out 3C with non-erythroid HL60 cells in which the HS2 enhancer was inactive (17) . Both semi-quantitative PCR and realtime PCR of the 3C products showed that the inactive HS2 enhancer in HL60 cells co-localized with the intervening DNA and the e-globin promoter at frequencies $400-fold lower than those in K562 cells ( Figure 6D , lower left panel and HL60 bar graphs). This very low co-localization frequency was not due to defective preparation of the HL60 sample, since within the CTCF gene that is active in both K562 and HL60 cells (36) , the DNAs in the first and the second introns co-localized with comparable frequencies in K562 and HL60 cells ( Figure 6F ). Thus, compared to the active HS2 enhancer in K562 cells, the inactive HS2 enhancer in HL60 cells did not track through and co-localize with the intervening DNA nor did it co-localize and loop with the e-globin promoter.
In summary, the findings that the HS2 enhancer DNA co-localized with both the intervening DNA and the e-globin promoter demonstrated that the HS2 enhancer Figure 6 . The interposed insulator caused the HS2 enhancer DNA to co-localize at a high frequency with the insulator site and at low frequencies with the intervening DNA and the e-globin promoter. (A) Maps of enzyme sites used in 3C digestions: Xho I (X) and Sal I (S) sites unique to the plasmids and BamHI and Bgl II sites present in both the plasmid and the endogenous K562 DNA. Arrows: locations of 3C primers; direction of arrows: 5 0 !3 0 direction of the primers; primer V was located in the vector sequence of the integrated plasmids. (B) HS2-GFP, V-5 0 I and HS2 3 0 I panels: 3C bands generated respectively by the HS2 enhancer with the GFP gene, the intervening DNA near the 5 0 and 3 0 ends of the single loxp site or the insulator; ÀI and +I lanes: 3C bands generated from LCR2(ÀI) and (+I) lines. HS2-GFP bands were generated by 37 PCR cycles and V-5 0 I and HS2 3 0 I bands by 43 PCR cycles. Panel G: the GFP gene amplified by primer pair 3 ( Figure 3A ). (C) Average co-localization frequencies calculated from quantified intensities of the 3C bands, after normalization with respect to the different amplification efficiencies of each of the three 3C primer pairs ( Figure S3 ). Y-axis: normalized co-localization frequency (Col. Freq) generated by the different primer pairs shown on the x-axis. The intensity of the HS2-GFP band generated from LCR(ÀI) line was set at 100 and served as standard for comparison. HS2-CTCFa lanes: the co-localization frequencies between HS2 in LCR(ÀI) or (+I) and the CTCF gene ( Figure 6F ). (D) 3C products generated by the endogenous e-globin gene locus in K562 and HL60 cells. Top: map of Bgl II (Bg) and BamHI (B) sites used in 3C digestions. Bottom left: HS2-7.7, HS2-8.1 and HS2-ep co-localization products generated by the respective 3C primer pairs. White dots mark the sizes of the anticipated 3C bands. The 3C bands from K562 cells were generated by 37 PCR cycles and those from HL60 cells by 43 PCR cycles. Bottom right: Co-localization frequencies (Col. Freq) as measured by the relative abundance of the 3C products amplified by the different primer pairs in real-time PCR. Abundance of the 3C product generated by primer pair HS2-ep in K562 cells was set at 100 and served as standard for comparison, since the PCR cycle number at the crossing-over point (Scop) amplified with this primer pair was the lowest among the 3C products amplified by the different primer pairs, indicating that the 3C product amplified by the HS2-ep primer pair was the most abundant. The abundance of the 3C products amplified by the other primer pairs, i.e. Col. Freq., was then calculated from the difference between the Tcop of the specific test primer pair and the reference Scop according to the formula Col. Figure 6C ; b and c: primers near a Bgl II (Bg) and BamHI (B) sites used in CTCFb-c amplification in Figure 6F . The co-localization frequence of HS2-ep set at 100 served as the reference.
did not act by a protein tracking or a direct looping mechanism and provided the experimental support for a facilitated T&T mechanism of enhancer function. The interposed insulator obstructed this facilitated T&T mechanism, causing the enhancer DNA and the associated proteins to apparently pile up at the insulator site. Since 3C measures the dynamic process of the T&T mechanism at a fixed time point in a multitude of cells, the observed co-localizations of the enhancer with the intervening DNA and with the promoter thus represented different stages of this tracking process along the e-globin gene loci in different subpopulations of K562 cells.
DISCUSSION
In this study, we utilized the enhancer blocking activity of the insulator and a combination of RNA, ChIP and 3C analyses to investigate the mechanism of long-range gene activation by the HS2 enhancer in the e-globin gene locus. Our results provided the first evidence for a facilitated T&T mechanism of long-range enhancer function: The HS2 enhancer complex, containing not only the associated proteins including pol II and TBP but also the enhancer DNA, tracked through the intervening DNA synthesizing overlapping, polyadenylated RNAs to ultimately reach and loop with the e-globin promoter to activate mRNA synthesis from the cis-linked gene (Figure 7 ). This facilitated T&T mechanism ensured that the HS2 enhancer complex during its translocation through the nucleoplasm space did not haphazardly interact with and activate heterologous promoters and genes located in trans but activated specifically the cis-linked globin promoter and gene. The finding that the transcribing enhancer complex contained not only pol II and TBP but also the enhancer DNA indicated that the proteins in the enhancer complex were perhaps unable to self-assemble and required presence of the enhancer DNA to be packaged into a functional, spaceo-specific transcription complex.
Analysis by ChIP showed that pol II, TBP and acetylated histones were associated with the HS2 enhancer and also with the intervening DNA and the e-globin promoter in both the integrated plasmids and the endogenous e-globin gene locus. Indeed, earlier ChIP studies demonstrated that the HS2 enhancer recruits pol II and transfers it by an undefined mechanism to the downstream globin promoter (37) (38) (39) . It has been reported that pol II recruits histone acetyltransferase (HAT) to the transcribed locus (40) and that pol II transcription remodels the chromatin structure of the transcribed locus (41) (42) (43) . Thus, the HS2 enhancer complex with the associated HAT, in transcribing through the intervening DNA to reach the e-globin promoter could acetylate the histones and open up the nucleosomal structure of the globin gene domain.
Our 3C analysis showed that in erythroid cells in which the e-globin gene locus was transcriptionally active, the enhancer DNA in both the integrated plasmids and the endogenous genome tracked through and progressively looped with the downstream intervening DNA to ultimately reach and loop with the e-globin promoter ( Figure 7A-C) . However, the HS2 enhancer did not co-localize with DNAs located upstream of the LCR or on different chromosomes nor did it co-localize with the inactive e-globin promoter in non-erythroid cells. These findings indicated the tissue-specificity and directionality of the facilitated T&T mechanism of long-range enhancer function.
The insulator inserted between the HS2 enhancer and the e-globin promoter blocked mid-stream the tracking and transcribing enhancer complex containing the enhancer DNA and the associated pol II and TBP ( Figure 7D ). The enhancer complex thus was stalled at the insulator site in many more cells than in cells in which the enhancer complex could track through and transcribe across the insulator and the downstream intervening DNA to reach and activate the promoter. Therefore, many more molecules of the enhancer DNA and pol II associated with the insulator than with the downstream intervening DNA and the e-globin promoter. As a result, the intergenic RNAs and mRNA were transcribed at greatly reduced levels and expression of GFP was drastically diminished, thus manifesting blockage of enhancer function by the interposed insulator. The ability of the interposed insulator to trap and obstruct the directional progression of the enhancer complex toward the promoter was consistent with the observed Figure 7 . A facilitated T&T mechanism of long-range enhancer function. (A-C) The HS2 enhancer (red rectangle) recruits proteins (yellow oval) including pol II and TBP (green and blue ovals) to assemble a transcription complex. The enhancer complex tracks through and loops with the intervening DNA (thick black line) to transcribe at low levels short, polyadenylated, intergenic RNAs (small wavy lines) to ultimately loop with the distant promoter complex (orange oval) to activate synthesis of mRNA (large wavy line in Figure 6C ). (D) The interposed insulator with associated CTCF and protein co-factor(s) X (gray rectangle, oval and circle, respectively) trapped and caused the enhancer complex to apparently accumulate in the region 5 0 of the insulator, thus reducing the number of the enhancer complex that could transcribe through the insulator and the downstream intervening DNA to loop with and activate mRNA synthesis from the distant promoter. directionality of insulator activity: the insulator blocks enhancer function only when it is inserted between the enhancer and the promoter but not when it is inserted upstream of both the enhancer and the promoter (32, 44) .
The ability of the insulator to reduce the levels of acetylated histones associated with the downstream intervening DNA and the e-globin promoter could be interpreted to indicate that the interposed insulator blocked enhancer function by recruiting histone deacetylase, thus causing the nucleosomes of the downstream intervening DNA and the e-globin promoter to be less acetylated and to exist in an inactive state. This seemed unlikely. The HS4 insulator in the chicken b-globin gene locus has been shown to associate with high levels of histone acetyltransferases (45) , which are apparently able to acetylate histones and spread an open chromatin structure accessible to exogenous DNase I from the insulator throughout the downstream globin gene locus (46) . The possibilities that the interposed insulator sequestered the enhancer and promoter into separate chromatin domains (34) or the insulator decreased the flexibility of the chromatin fiber of the intervening DNA (47), thus hindering direct looping of the enhancer with the promoter also did not appear to be the major contributing mechanisms of enhancer blockage. These possibilities were based on the premise that the HS2 enhancer acted primarily by a direct looping mechanism. This premise was not supported by our 3C results.
In the human prostate specific antigen (PSA) locus, the enhancer has been suggested to loop directly with the promoter but the pol II recruited by the enhancer has been reported to track through the 6 kb intervening DNA to reach the promoter; yet the intergenic RNAs transcribed by pol II from the intervening DNA were not detected (7) . Thus, in the PSA locus the enhancer DNA and the associated proteins reached the promoter by separate, uncoordinated routes that did not involve pol II transcription to produce intergenic RNAs. However, in the human histocompatibility and growth hormone gene loci, transcription of the intergenic RNAs has been observed to be associated with long-range enhancer function (48, 49) . Large-scale transcription analysis of human chromosomes shows that over 90% of the DNA templates transcribed into RNAs are located in the intergenic regions (50) . The genome-wide transcription of the intergenic RNAs suggests that a facilitated T&T mechanism may mediate long-range gene activation not only in the globin gene locus but also in many other human gene loci.
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